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This work aims at applying the laser-ultrasonic method for nondestructive evaluation of
the depth of the subsurface damage in machined silicon wafers. It is based on different
mechanisms of laser excitation of ultrasound by absorption of Q-switched Nd:YAG laser
pulses at the fundamental wavelength: the concentration–deformation mechanism in the
single-crystalline silicon and the thermoelastic one in the damaged layer. Due to the
uniform heating of the whole damaged layer during the laser pulse action the amplitude
of the compression phase of the laser-induced ultrasonic signal is proportional to the
damaged depth. The rarefaction phase of this signal arises by absorption of the rest of
laser energy in the single-crystalline silicon beneath the damaged layer. The empirical
relation between the depth of the subsurface damage and the ratio of the amplitudes of
compression and rarefaction phases of the laser-induced ultrasonic signal can be ﬁtted by
a linear function within the depth variation and the corresponding spread of the signal
amplitudes. This relation can be used for in situ quantitative nondestructive evaluation
of the depth of the subsurface damage in machined silicon wafers; the minimal reliably
detectable depth is estimated at the level of 0.15–0.2 μm.
© 2014 Elsevier Ltd.
1. Introduction
As the primary substrates for microelectronic devices, silicon wafers are manufactured through a series of processes,
such as crystal growth, machine slicing, ﬂattening, etching and polishing. The subsurface damage up to tens of microns deep
induced during mechanical treatment such as slicing and grinding must be removed by subsequent etching and polishing.
These ﬁnal processes must be ﬁnished at a certain level to ensure the wafers or chips keep suﬃcient strength. Therefore
there is a critical need to assess the depth of the subsurface damage during the silicon wafer treatment. Various methods
are known for this purpose, such as, for example, X-ray diffraction, micro-Raman spectroscopy, scanning electron microscopy
and speciﬁc types of surface wave acoustic microscopy (see, for example, [1–3]). Although considerable research has been
conducted to use these nondestructive methods, many problems remain. For example, it is extremely time-consuming to
study the entire wafer with the methods of X-ray diffraction and micro-Raman spectroscopy, photoluminescence is not
effective at room temperatures. Besides, all of these methods are quite expensive.
The aim of the present work is to demonstrate the possibility of the novel laser-ultrasonic method for in situ quantitative
nondestructive evaluation of the depth of the subsurface damage in machined silicon wafers.
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Fig. 1. Schematic representation (a) and the example of the SEM image of the butt (b) of an investigated specimen of a machined silicon wafer.
Table 1
The total thickness and the subsurface damage depth of the investigated silicon wafers.
Specimen Total thickness H
(μm)
Mean value 〈Ld〉
(μm)
Standard deviation of Ld
(μm)
Etched wafer 205 – –
Machined wafers
#1 230 1.65 0.12
#2 250 1.89 0.15
#3 240 2.23 0.33
2. Material and method
Schematic representation of the investigated specimens of machined silicon wafers is shown in Fig. 1a. The example
of the scanning electron microscopy (SEM) image of the butt of an investigated specimen of a machined silicon wafer is
shown in Fig. 1b. Big grits at the butt are wafer pieces electrostatically attracted after wafer’s breaking. The subsurface
damage depth Ld was determined as the “valley” depth of a visually observed relief using the scale of the SEM images.
The total thickness of the investigated wafers and the results of SEM measurements of the subsurface damage depth Ld are
presented in Table 1. The mean values 〈Ld〉 for all specimens were calculated with the SEM results obtained in ten different
points randomly chosen on the arbitrary area of 30 mm× 30 mm for each specimen.
The proposed laser-ultrasonic method is based on different mechanisms of laser generation of ultrasound in the single-
crystalline silicon and in the damaged subsurface layer by absorption of the Q-switched Nd:YAG laser pulsed radiation at
the fundamental wavelength λ = 1064 nm with the characteristic pulse duration τL ∼ 10−8 s.
The concentration–deformation mechanism of laser excitation of ultrasound in the single-crystalline silicon by absorption
of laser radiation takes place when the condition h¯ωL  Eg is satisﬁed. Here h¯ωL = 1.17 eV is the quantum energy of the
laser light, Eg = 1.12 eV is the band-gap energy for silicon. In this case the all absorbed laser energy is spent to produce the
photoexcited electrons. Therefore the variation of density is determined by the change of interaction forces between ions of
crystalline lattice after the detachment of electrons from atoms and it is not connected with heating of a crystal. The amount
of absorbed energy E in a single-crystalline silicon wafer can be evaluated as E = E0 exp(−μaH), where μa = 10 cm−1 is
the interband light absorption coeﬃcient in silicon at the wavelength 1064 nm, E0 is the energy of the incident laser pulse,
H is the wafer thickness. This mechanism of laser excitation of ultrasound in the single-crystalline silicon was observed and
brieﬂy described in [4] for the ﬁrst time.
The stress induced by generation of photoexcited electrons is proportional to the concentration n of the photoexcited
electrons [5]:
p′n ∝ ρ0c20n/n0, (1)
where ρ0 and n0 are the equilibrium values of the density of a crystal and of the atom concentration, c0 is the phase
velocity of longitudinal acoustic waves in a crystal. As a result of the phenomenological analysis of this process we get the
expression:
p′n = −Dn, (2)
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where D is the constant of the deformation potential. For silicon |D| = 8 eV and D > 0, therefore the photoexcitation
process causes compression of a crystal. In our case the concentration of photoexcited electrons in a single-crystalline silicon
wafer will rise in the course of the laser pulse (within the time ∼τL ). After the laser pulse action and until relaxation of
photoexcited electrons their distribution will be uniform throughout the whole thickness of a wafer since the condition
μaH  1 is fulﬁlled (the time of relaxation of photoexcited electrons is τR ∼ 10−6 s, see Chapt. 4 in Ref. [5]).
In a damaged subsurface layer the crystalline structure of silicon is broken, so the life time of photoexcited electrons
substantially decreases due to their impact with structure defects (instantaneous relaxation) and the all laser energy ab-
sorbed in the damaged layer is thermalized during the laser pulse action. If the life time is much less than the laser pulse
duration, the light absorption coeﬃcient μD in the damaged layer is typically 2–3 orders higher in comparison with the
value of μa [5]. In this case the laser-induced ultrasonic signal (LIU signal) consists of the thermoelastic part caused by
heating and subsequent thermal expansion of the damaged layer and the adjacent immersion liquid – ethanol [6,7] (see
below Sections 3, 4) and of the part caused by the concentration–deformation excitation in the single-crystalline silicon
beneath the damaged layer.
3. Experimental setup
The experimental setup employed using the backward mode detection of LIU signals is schematically shown in Fig. 2 and
is described in details in [8]. A specially designed laser-ultrasonic transducer is used providing laser irradiation of the surface
of a silicon wafer through an optical ﬁber and the broadband piezoelectric detection of LIU signals from the same side of
the wafer. Pulses of the diode-pumped Q-switched Nd:YAG laser (Laser-export Co. Ltd, Russia) operating at its fundamental
wavelength of 1064 nm are delivered to the laser-ultrasonic transducer with the quartz optical ﬁber of 600 μm diameter.
Laser pulse energy is 95–100 μJ, the characteristic pulse duration is 8–9 ns and the pulse repetition rate is 1 kHz. No surface
damage of investigated silicon wafers takes place at the energy level of used laser pulses therefore the proposed method is
completely nondestructive.
An acoustical contact between the wafer and the working surface of the transducer is provided by the immersion liquid
(ethanol) transparent for the laser radiation used. The specially designed broadband LiNbO3 piezoelectric detector assembled
with the charge preampliﬁer is employed for detection of LIU signals. The maximum sensitivity of this assembly is 0.3 V/bar,
its operational bandwidth is 1–100 MHz at the 1/e level. The last characteristic shows which ultrasonic signals can be
detected without distortions caused by the impulse response of the receiver. Such detection is possible when the frequency
band of these ultrasonic signals is less than the operational bandwidth, therefore in our case the characteristic duration of
ultrasonic signals can be varied from approximately 10 ns to 1 μs.
Electrical output signals from the detector are acquired by the analog-to-digital converter (ADC) with the sampling rate
of 200 Msamples/s and processed with PC. The start of the ADC is synchronized with the instant of laser pulse irradiation.
The digitized signals are mathematically treated using the specially designed algorithms and the computer codes based on
deconvolution of the received signal with the impulse response of the piezodetector-preampliﬁer assembly. According to
the linear system theory the received signal, U (t), can be presented as the convolution of the LIU signal generated in a
specimen, V (t), with the impulse response of the piezodetector–preampliﬁer assembly, W (t) [9]:
U (t) =
+∞∫
V (τ )W (t − τ )dτ . (3)
−∞
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In the frequency domain the convolution (3) can be presented as the product of the complex Fourier spectra v( f ) and w( f )
of the corresponding functions, V (t) and W (t):
u( f ) = v( f )w( f ). (4)
Therefore to get the temporal proﬁle V (t) of the LIU signal governed by the specimen properties only, we carry out the
deconvolution procedure – dividing of the complex spectrum u( f ) by the complex spectrum w( f ) and the subsequent
indirect Fourier transform of the derived function v( f ). The frequency response w( f ) of the piezodetector–preampliﬁer
assembly is determined using the calibration method based on the linear system theory and described in details in [10].
4. Results and discussion
Temporal proﬁles of LIU signals in an etched single-crystalline silicon wafer and in three specimens of machined wafers
are shown in Fig. 3. Here the instant of time t = 0 corresponds to the arrival of the laser pulse maximum onto the irradiated
surface of the wafer. In the etched wafer the negative front of the LIU signal corresponds to the rise of the concentration of
photoexcited electrons during the laser pulse action. Therefore this front is determined by the convolution of the temporal
proﬁle of the laser pulse with the distribution of photoexcited electrons and the duration of this front is approximately
of the order of τL . The following negative plateau of the LIU signal indicates the uniform distribution of the photoexcited
electrons throughout the whole wafer (see Section 2). The positive plateau in this signal is the reﬂection of the negative
plateau from the opposite side of the wafer.
The LIU signals in machined wafers reveal the ﬁrst positive peak (the compression phase) indicating the thermal expan-
sion of the heated subsurface damaged layer and the ethanol layer adjacent to it. The expansion of ethanol makes the main
contribution to the thermoelastic part of the LIU signal because the thermal expansion coeﬃcient of ethanol is practically
two orders higher than that of silicon. Since the temperature of heating of the irradiated specimen surface and accordingly
of ethanol is the same for all wafers, the difference in maximum amplitude values A+ for different specimens is determined
only by the eﬃciency of thermoelastic conversion in the subsurface damaged layer. This eﬃciency is directly proportional to
the volume of the thermooptical source of ultrasound [5], which in turn is governed by the damage depth Ld . We assume
the uniform heating of the damaged layer during the laser pulse action because of its depth Ld is 1–2 μm and therefore
the condition μD Ld  1 is fulﬁlled. In this case the thermoelastic part of LIU signal repeats the temporal proﬁle of the
laser pulse [6,7] and its maximum A+ is observed at the instant t = 0 (see Fig. 3). Only a small fraction of the whole laser
radiation is absorbed in this layer, the most energy penetrates through the damaged layer and is absorbed in the single-
crystalline silicon. This corresponds to the rarefaction phase of LIU signals, the negative plateau is not horizontal due to
overlapping of the thermoelastic and the concentration–deformation parts of LIU signals. Due to the duration of the ther-
moelastic part is of the order of the laser pulse one, the amplitude of the concentration–deformation part A− is measured
at the time instant t > τL (t ≈ 20 ns). This instant corresponds to the LIU signal induced at the depth of approximately
160 μm, where deﬁnitely no damages are observed in the crystalline structure.
There is no strong reﬂection of the positive thermoelastic signal from the opposite side of wafers (at the time instant
t ≈ 30 ns, see Fig. 3). This is because of its main part is generated in the ethanol layer adjacent to the wafer surface and
therefore is practically fully reﬂected from silicon (the reﬂection coeﬃcient is approximately 0.9). The remaining small part
of this signal that governs namely the difference in values of A+ for specimens with different values of Ld is generated in the
subsurface damaged layer as in the thermooptical source of ultrasound. This signal passes into the intact single-crystalline
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machined silicon wafers. Points – experimental results, solid curve – linear ﬁtting.
Table 2
The ratio of LIU signal amplitudes in the investigated silicon wafers.
Specimen Mean value of |A+/A−|
(rel. units)
Standard deviation of |A+/A−|
(rel. units)
#1 2.64 0.21
#2 2.88 0.23
#3 3.32 0.48
part of the wafer and is reﬂected from its rear side that leads to some distortions of the positive plateau at the time instants
of approximately 30–40 ns.
We compare the absolute value of the ratio A+/A− with the SEM results for the value of Ld for three silicon wafer
specimens. The ratio namely was taken to eliminate the inﬂuence on the amplitude A+ of the possible variation of the light
reﬂection coeﬃcient for different specimens. It was found that the dependence of |A+/A−| vs. Ld can be ﬁtted by the linear
function with the correlation 0.91:
y(x) = 1.53x. (5)
In the expression (5) the independent variable x corresponds to Ld taken in microns, the value of y corresponds to the
value of |A+/A−| calculated in relative non-dimensional units. The experimental points in Fig. 4 are the mean values of Ld
for each wafer specimen (Table 1) and corresponding mean values of |A+/A−| (Table 2) calculated for LIU signal amplitudes
measured in ten different points randomly chosen in the same area of each wafer in that the values of Ld were determined
by SEM. The error bars at abscissa in Fig. 4 are the standard deviations of Ld for each specimen (Table 1) and the error
bars at ordinate are the standard deviations of corresponding values of |A+/A−| (Table 2). The linear dependence presented
in Fig. 4 can be used for in situ nondestructive laser-ultrasonic evaluation of the subsurface damage depth Ld in machined
silicon wafers using the measured values of A+ and A− . To provide the linear increase of the value of |A+/A−| with the
increase of Ld the amplitude A− of the negative plateau should be independent on the thickness h = H − Ld of the intact
single-crystalline part of a wafer. In the case studied the relation Ld  H takes place even for different values of Ld and
the relative change of the thickness of the intact part h = h/H ≈ 0.008 is insigniﬁcant for all studied specimens. Therefore
the negative plateau of the LIU signal can be considered as generated in the single-crystalline part equal for all studied
specimens and therefore the amplitudes A− will be the same.
The minimal detectable depth of the subsurface damage Ldmin is estimated using the signal-to-noise ratio provided with
the detection and acquisition system. This estimation gives Ldmin ≈ 0.15–0.2 μm. The maximum reliably detectable damage
depth, Ldmax , can be estimated using the condition of the uniform heating of the whole layer on the one hand and the
necessity of transmittance of a valuable amount of the laser energy through the damaged layer to the intact part of the
wafer on the other hand. Therefore the relation μD Ldmax  1 can be used for such estimation and we obtain Ldmax ∼ 10 μm
with the assumption of μD ∼ 103 cm−1.
The proposed laser-ultrasonic experimental setup can be assembled using portable equipment such as the diode-pumped
Q-switched laser, the laser-ultrasonic transducer and the data acquisition system. This allows the proposed setup to be
built-up into the user-friendly nondestructive testing procedure of silicon wafers at the completion stage of manufacturing.
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